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The Road Map

LHC data prefer light Higgs

Solve Hierarchy Problem Radiative Symmetry Breaking
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Little Higgs Models

® Brief reviews of Little Higgs (LH):

e ———

| Collectlve Symmetry Breaklng (CSB):If g = 0 org = =0, nggs is Goldstone Boson.

e’ .°'°.. Georgl
4........0 '--.,....> Arkani-Hammed, et.al.
Solve Hierarchy Problem Radiative Symmetry Breaking(RSB)
2 2 4
Quadratic divergence from SM particles in V=m ‘H ‘ + )\’H ’

the Higgs loop are cancelled by heavy If Higgs potential is purely radiative, expect

particles with same spin. 4 4 2
m2 ~ g 2. A~ g :>U2Nm_wf2
16727 1672 A
Wi Wh Even with heavy top partner contribution:
3\?
12 A B2 A om? ~ L M?
-T2 Tse 7T 2T~ C16m2 T

Higgs mass still too BIG!
Typlcally, LH models introduce new operators by hand.

— = - = - = =

How to generate the hght nggs mass naturally"
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Deconstruction of Gauge-Higgs Model

Agashe, Deconstruction
Contino,
Pomaro X
¥ > )y
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Shah, 0
Wagner ;
L=Y ~ Tl(D,%5) DM
¢ 5, = e/
SU@Lx Uy SU(@); x SU@)R x Ull)x
UV Brane IR Brane A“’ ~ W7 Z7 ,y
Boundar nditions
®1
P2 H
SU©2) x U(1)y A, ~ e o ( ( a ) )
o ( gt gt )
Fully Ridiative | |
SymmetNgBreaking
5-th Gauge transformation Goldstone Shift transformation
A new 4D Little Higgs model with fully radiative symmetry breaking! '
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A Little Higgs Model

Focus on minimal deconstructed model:
Global symmetry:

SO(5)0 x SO(5)1 — SO(5)

SO(5)o SO(5),

Gauge symmetry:
[SU(2) x U(1)]p x [SU(2) x SU(2)|;
S SU@)p x ULy
Related Models:
Custodial Minimal Moose (Chang,Wacker)
Unfo]del Moose Gauge sector (Barbieri et.al.)

at lo ergy

fcos(%)

' Collective Symmetry Breaking:

IngL gOR Oorg.=gnr= O( Moose links
m dlsappear) Higgs is a Goldstone Boson.

@ buadratm divergence vanish at one loop.



Heavy Gauge Bosons

176 My, = 5 (950 +9iL) f* +
TR Mz, =1i(g% )7+
1.74 ] MV2VR = %Q%RfQ + -
| “ M2, = Y (@r+g%) F* +
172 Wi
S B S J-
00 05 10 15 20 25 30 N

v/t

Higgs boson is the‘only scalar.All other Goldstone bosons ar:e eaten by gauge bosons. '




Higgs Potential

® Higgs potential is generated at loop level:

V(H)=_0 +

® Gauge Boson Contribution

O
&
AN

A .: A

| No Quadratic div. }
' CSB ~_

~ Only Logdiv.

! From Moose links f cos

~ 395197 f* I A® + ggpgipf* In A?

Positive Loop Corrections to Higgs mass

: No spontaneous symmetry breaking!
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Fermions and Custodial Symmetry

e Custodial symmetry SU(2); x SU(2)r x U(1)x  coem el

. . ) Chivukula, et.al.
Third generation Assignment:

t
qL = ( bi ) ~(2,2)273, tr~ (L1)ayzor (L,3)ays br~ (L1)-yz 0r (1,3) 13

Avoid large corrections to T parameter, Zb by, corrections, and dggp.

o Embed into SO(S) Basis: Carena, Ponton, Santiago, VWagner
(3,3)2/3  tn(3,—3)2/3 )
5 — 272 2 2 @ (0,0
. ( (=3>3)2/3 bo(—=3,—3)2/3 (0,0)2/3
5B — < (%7%)2/3 (%7_%)2/3 ) @tR(O 0)2 )
(—3.3)2/3 (—3,—3)2/3 2/
10c = (3,1) ®br(1,3)® (2,2)

® Gauge Interaction of fermions
Gauge Transformations under SU(2)gr x U(1)ggr only.
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Fermions and CSB

® Fermion Contents:

A A uw \ B
[ Q") (o] Qv \" @
Q? 0 Q4 . @
P = | va = | v = | X vr = | X
\ u / L K u ) R m L ) f
Under SO(5)y, Y4B — Uy B (explicitly broken by missing partners)
: 0
Under SO(5)1, Sfyft — U1 STy, STy E — Uy STy E = 8
(explicitly broken by spurion field EfSfyp (7)) 0

® Fermion mass terms:

Lonass = —Aafodp? — A fpPyP -\ fYSEETSTWE + hee.

Break SO(5)g Break SO(5)
Preserve SO(5), Presefve 50(5)o

IRENN &
Collective Symmetry Breaking (CSB)
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Heavy Fermions

Two heavy up-type quarks which mixed with the top quark contribute to the Higgs
potential.

All other heavy vector-like fermions are not relevant to radiative symmetry breaking.

2.0 - [ WA~ ()t = (T4 KA
A A=A = V2 P~ (@Y x")P = (TP, KP)
1.5 A = 0.981)\;
f=1TeV
1.0 - -.-Tlf___ - N o I
| M? = 2X%f%q + ---
0.5 | MZE = (N4 +M) 2+ -
A T | M2 = 2% f2 4+ ...
s - \\\ Ty B ’
00 L \/ | N
0.0 0.5 1.0 1.5 20 2.5 3.0 1 1 1
v/t NN



Higgs Potential

® Fermion Contribution

A g4 AB . AB
m? = . Sl SEREE ---- +
XUA QUB)XUB

2
%A In A% + A7 A5 In A2 A2 f4\% In A?

This minus sign causes vacuum misalignment and triggers EVWSB!

2)\%]"4

1236 |
If we turn off Ap ,the Higgs mass recovers [

the results in littlest Higgs model. 1234

1232}

A light Higgs boson mass can be generated | 1230
| naturally through the cancellations on m? ’
| by two heavy fermion contributions (from

5a and 58).

1228




Full Higgs Potential

® The full Coleman-Weinberg Potential is

VH) = 0 + - ,
'rTree Ievél \
Calculate the one-loop Higgs potential by summing the log terms up to all external legs:
-V -
1.035; - // \\
1030 0.246
"~mH=133 GeV
v~ m/VA



Light Higgs Boson

Higgs mass is insensitive
to gauge couplings

g =gk =05,2m,4m

A

| Higgs boson is typically light.

sin 9t =

A and v are correlated each other.

Value of )\ is constraint by correct v.

.
sin“d,

Why is Higgs mass solution typically light?

Ag® |4 M’

t

: : 4 M? : :
MIZ_I o 2A,V2 With )\’ o 3)\’1 {lln T + F(Singt 5 MY%A /MY%B )}

L J

Compare to SUSY
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Electroweak Precision Tests

® The model parameters:
gauge sector: gr.,gr, 911, g1r tOp sector: \;,sinb;, Ag,scale: f,v

® Bounds on universal electroweak parameters Barbieri, etal.
4 [ S 2 2
& (9 L 9L
| 91L = 1R = g1 | ASiree = @ (g%L + Q%R)
7 ATiee = 0 custodial symmetry
2 2 2
3 | Ayclree = a ( gigR)
I9iR
2 4
AVVtree = a (%) .
giL

gR:g/7 CLZ’UQ/4f2

—

'One loop corrections to the S, T |
| parameters and Z-b-bbar couplings
are also calculated to further put

bounds on top sectors.




Summary

5D Gauge-Higgs Model
! Deconstruction § E
Custodial Little Higgs Model

UV completion

SO(5)o SO(5),

| The orﬂy scalar: Higgs boson

AdS/CFT:
5th Gauge Boson(zero mode) <> PG Boson
(Collective Symmetry Breaking)

The Higgs boson masses are typically light.

|
I

L .

New fermions: tWo heévy Tops

Two heavy top quarks to have fully radiative
symmetry breaking naturally.

Z-b-bbar are protected by custodial symmetry.

' Parameter Constraints from EWPTs

if and Higgs mass exclusion limits




The END
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Moose Diagram and Mass Matrices

SUQ2),
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Electroweak Constraints (Loop Level)

fermion loop contributions to S and T (bounds on parameters in the fermion sector)

0.00020 ———— 0.0000
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< 0.00010 & —0.0010
0.00005 ~0.0015
0.00000: —0.0020
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sin20t
Zbb one-loop corrections

9t 9. 9% | i
A zlc;%orm _ bL'YubLZ'u a [61 i ( 2L L 2L R + R) A2]
sin 29 901, 91L 90R 91R

222 22N

NN TN

A)\2 1 \2 4 2 m2
(47)

A 3 ms. A2 m#
8 — i S Ip—A Loln—2 .
19 @ = AT iy (2 1) T



Moose Notation

From Chivukula’s slides

} 99 9 9o IN  INs
- OnOn®O==On®
fy fa fa fn P
! I 122 (y) - 1 N I
-~ ; 4 y J .?.HV J; 7.
Sy = fd rdy —mt.r(FwF“ j—|—Ttr(FﬂyF“ )} / Jz: FWF /d Z tr (D.U;) (DU, ))
D, U; = d,U; — iAl7'U; +iU; A},
Example

W B
SUQwx U(l)s — U(1)  €«>» (2 )——1,
E £
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